In recent years, rooftop greening has been actively carried out across Japan as a measure to reduce the effects of global warming and urban heat islands and to create a comfortable environment. In this experiment, we focused on bamboo, otherwise perceived to be a nuisance and in need of effective use. We examined its practicality as a base material for rooftop greening when mixed with composted sewage sludge. The results confirmed stable vegetation in a base material with a mixture of composted sewage sludge and bamboo powder at a 1:1 ratio. The experiment also showed high microorganism activity and an increase in nitrogen content, which confirmed the practicality of bamboo in the base material. The rainfall test indicated good drainability and water retentivity and showed that the base material sufficiently satisfied the criteria for live load and drainage water quality. Therefore, we conclude that the base material with the above mixture ratio has high practicality.
INTRODUCTION
In recent years, global warming and urban heat islands have resulted in major problems such as extreme weather and localized heavy rain 1) , 2) . Some of the causes include high temperatures and increased heat storage resulting from changes in the heat characteristics at the ground level-that is, the change from organic ground surfaces such as plants to inorganic surfaces such as concrete and asphalt 3) . Greening has recently attracted attention as a countermeasure to these issues, and rooftop greening in particular has been promoted in urban areas with only small spaces for greening 4) . At the same time, the amount of waste generation has increased over the years with social and economic development. Rising environmental awareness and the development of legislation have led to demand for the more effective use of waste, such as technologies for proper disposal, reduction, and recycling 5) . Ohsawa et al. 6) reported on the applicability of a mixture of composted sewage sludge, waterworks sludge, charcoal, and vegetable dust from the process of making konjac (Amorphophallus rhizome; food produced from the corm of an Araceae plant of Araceae or corm) as a base material for the slope seeding method. Takahashi et al. 7) examined whether this material can be applied as a base material for rooftop greening. However, they encountered prob-lems with the drainage water quality, live load, and maintenance because of the severe constraints of rooftop greening 7) . In this experiment, we focused on bamboo, otherwise perceived to be a nuisance and in need of effective use 8) , and examined its practicality as a base material for rooftop greening when mixed with composted sewage sludge. We measured the activities of soil microorganisms during the growing period and the soil carbon-to-nitrogen (C/N) ratio and visually observed the growth conditions. A rainfall test was implemented to examine the drainability, water retentivity, live load, and drainage water quality.
MATERIALS AND METHODS
(1) Materials Figure 1 shows a picture of the materials used for the experiment. The characteristics of each are described below.
a) Composted sewage sludge
The composted sewage sludge was dewatered sludge that was fermented at more than 70°C for about 15 days and then half-matured for 1.5 months. It was very rich in nutrients at 60%-65% organic matter, 2.0%-2.3% nitrogen, and 2.0%-2.5% phosphate but with low potassium content at 0.5% or less. The initial moisture content was only 25%-30% because of the fermentation heat, and it was slightly alkaline at a pH of 7.5-7.8. The wet weight per unit volume was 350 g/L, so it was lighter than ordinary soil.
b) Waterworks sludge
The waterworks sludge was generated during the water treatment process and crushed after pressure filtration without the addition of calcium or chlorine. It consisted of 40%-45% organic matter, less than 0.5% nitrogen, 0.4% phosphate, and 1.5% potassium. The amount of organic matter was about 20% less than that of the composted sewage sludge and about one-fifth that of nitrogen and phosphate. According to Osawa et al. 6) , excessive nutrient supply does not occur in the initial stage of vegetation growth for a base material containing a mixture of waterworks sludge and high-nutrient composted sewage sludge. The base material has a long-term advantage: it can slowly and stably supply greening plants with nutrients according to the plant growth. The base material supplies potassium because its potassium content is higher than that of the composted sewage sludge. It initially had a moisture content of 35%-40% and a neutral pH of 6.5-7.0. However, it may not be suitable for rooftop greening because waterworks sludge contains a large amount of clay and silt and has a high density, and it may exceed the rooftop live load limit. The wet weight per unit volume of the waterworks sludge used in this experiment was 900 g/L, which was more than 2.5 times heavier than the composted sewage sludge. The dense bond between soil particles was likely to affect the drainability and water retentivity; thus, other materials such as charcoal needed to be added as soil conditioner.
c) Charcoal
The charcoal used in this experiment was made from construction debris, which was raw wood discharged from roadworks, and wood thinned from forests (mainly cedar). This was charred for 7 h in a furnace between 900°C and 1000°C. Granular-type charcoal (>1.5 mm) was chosen for this experiment owing to its easy processing and good water retentivity, drainage performance, and fertilizer retentivity. The specific surface area was 402 m 2 /g according to the BET method 9) .
d) Bamboo powder
The bamboo used is called "mousou chiku" (Phyllostachys edulis) and was collected from a devastated bamboo grove. There is an urgent need to develop new effective ways to use bamboo because it takes only a few years to mature, so it grows much faster than other trees. Neglected bamboo forests are abandoned because of the decrease in their utility value, which not only detracts from the natural scenery but also allows them to invade farmland, residential areas, and roads 8) . Bamboo itself is high in Tobiko carbohydrates (starch) and minerals such as magnesium, calcium, iron, and manganese 10) . In addition, its rigid and lignin-covered fabric structure repels microorganisms. The lignin-bounded structure was broken down into powder so that microorganisms could easily take in starch 10) . The results of a sieving experiment showed that more than 80% of the bamboo powder was less than 1.0 mm in size. e) Tobiko: waste dust from the konjac-making process Tobiko is a kind of waste dust generated during the konjac-making process. It accounts for 60%-70% of the amount of products during the manufacturing process. Tobiko has a remarkable adhesive force when dissolved in water. When mixed with inorganic and organic matter, it hardens while maintaining plasticity. Tobiko was added to prevent the base material from scattering and erosion due to raindrop impact and to enhance adhesion 11) . It consists mainly of carbohydrates, nitrogen, and fibrous substances. It can not only be used safely but is also expected to have a fertilizing effect. We used 40 g of tobiko per 1.0 kg of base material based on a past report 12) , which suggested that nitrogen might be required during the mineralization process and warned that mold could be generated in the base material for greening in the case of heavy use of tobiko.
(2) Mixing ratio of the base material Table 1 presents the mixing ratios of the base material for rooftop greening.
Case 1 was the mixing ratio of the base material for slope seeding as determined by Osawa et al. 6) . However, this ratio may not necessarily be suitable for rooftop greening with strict constraints, and previous research reported several concerns 7) . This ratio was used in this experiment for comparison with other cases, particularly Case 2.
In Case 2, bamboo powder was mixed with composted sewage sludge instead of waterworks sludge and charcoal. Although bamboo powder has only a small amount of nutrients in a form that plants can absorb from the beginning, it contains a large amount of starch, which serves as food for microorganisms 10) . Therefore, the mixture of bamboo powder and composted sewage sludge should have more utility than waterworks sludge for stably supplying nutrients as the nitrogen increases due to nitrogen fixation. Using bamboo powder in the mixture should also have the effect of soil aggregation 13) . The base material for Case 3 was made from only bamboo powder, and its aim was to confirm the phenomenon noted earlier for Case 2: plant growth will be slow in the early stages, and the delivery of nutrients will be delayed.
(3) Construction methods
The base material for greening was placed in a wooden box with a thickness of 100 mm and covered with Korean lawn grass on May 21, 2011. The box had a size of 775 mm × 585 mm with a number of small holes at the bottom (φ15 mm, 72 holes/m 2 ) for better drainage. A coconut mat was placed between the box and asphalt surface to further improve drainage. The lawn grass was watered every day for three weeks until the grass took root, but after that it only received natural rainfall. There was no lawn Table 1 Volume ratio of the base material for greening. mowing or use of chemical fertilizers. Figure 2 shows the materials being mixed, and Fig. 3 shows the completed construction. Two planters were prepared for each case: one for visual observation and the other for soil analysis. Figure 4 shows the weather conditions around the experiment site during the experiment period (May 1, 2011 to January 31, 2012). The weather conditions during the experiment period were almost the same as those of an average year with a large temperature difference between summer and winter, which was characteristic of a warm humid climate.
(4) Activity of soil microorganisms
The activity of the soil microorganisms was evaluated according to the amount of adenosine triphosphate (ATP), which was measured with an ATP measuring instrument (Lumitester C-110, Kikkoman Corp., Japan) 14) . ATP is always present in living cells as an energy source. ATP was extracted from the cells when surfactant was applied and then reacted with the enzyme luciferase to emit light at an intensity proportional to the amount of ATP. This indicated the number of cells. In this experiment, the amount of soil microorganisms was determined relative to the amount of luminescence measured by the instrument.
As a measurement method, 1 g of wetted soil collected from the planter for soil analysis was dissolved in 100 ml of pure water and placed in a centrifugal separator at 2000 rpm for 5 min. Surfactant and luciferase were added in that order to the supernatant water. The amount of luminescence was then measured. The measurement was performed three times for each case, and the average value was calculated.
(5) Soil C/N ratio
Nitrogen is released during organic decomposition by microorganisms (mineralization) when the C/N ratio is less than 20 (i.e., high nitrogen content). The nitrogen in the soil is taken into microorganisms (organification) when the ratio is more than 20 6), 15) . Therefore, nitrogen starvation occurs when organic matter with a high C/N ratio is applied to the soil and the nitrogen available for plants decreases because it is taken in by the microorganisms. However, nitrogen starvation can be suppressed as the proportion of nitrogen in the soil increases; nutrients can be supplied to plants as the amount of nitrogen-fixing microorganisms, such as azotobacter, increase in the soil 16) . The activity of soil microorganisms was measured by measuring the amount of ATP, and the change in the C/N ratio was also measured.
First, soil sampled from the planter for soil analysis was dried in a drying furnace at 105 °C for 24 h, and 100 g of a sample that was sieved to have a particle diameter of 1.7 mm was prepared. Carbon was then measured according to the Soil Environment Analysis Method Chapter V 8 17) , and nitrogen was measured according to the Soil Environment Analysis Method V Chapter 9 18) with a CN coder (MT-700 Mark 2, Yanako Technical Science Co., Ltd.).
(6) Visual observation of the growth conditions
The growth conditions according to changes in the season were evaluated by observation of the leaf length and color. The leaf length was measured from base to tip at six spots for each case once a week, and the average value was calculated.
(7) Rainfall test
The drainage, water retentivity, live load, and drainage water quality are very important elements for rooftop greening. We examined these parameters through a rainfall experiment. Figure 5 shows a schematic drawing of the rainfall test equipment. The experiment included measuring the water permeation time, measuring the soil weight before and after rainfall as well as 1 h after rainfall, and testing the quality of the drainage water.
The water permeation time was measured by spraying water from the upper part of the base material with a water sprinkler and measuring the time for water to pass through the base material at intervals of 100 ml up to the total water permeation amount of 1000 ml. The results were used to evaluate the drainability. The 1-h rainfall was set to 80 mm/L under the assumption of torrential rainfall.
The soil weight (including the wooden box) was measured with a platform scale before and after rainfall as well as 1 h after rainfall, and the water retentivity was examined in terms of the water reduction rate per hour. The live load was calculated immediately after the rainfall test when the base material had sufficient moisture because it became heavy when rainfall occurred.
In the water quality test, the permeated water in the rainfall test was measured to examine five parameters: the potential hydrogen (pH), suspended solids (SS), chemical oxygen demand (COD Mn ), total nitrogen (TN), and total phosphorus (TP).
RESULTS AND DISCUSSION
(1) Examination based on soil microorganism activity Figure 6 shows the change in ATP content by day for each case. The standard deviation is not presented because it was very small with respect to each average value and difficult to show on the graph.
The ATP content was low in all cases at the early stages (until early July), but there was a significant difference thereafter between Case 1 and Cases 2 and 3. It stayed low for Case 1. This may be because the organic matter of the composted sewage sludge had already been decomposed by microorganisms, and the waterworks sludge and charcoal had little organic matter to serve as food for microorganisms. In contrast, the ATP content fluctuated while gradually increasing in Cases 2 and 3 and reached 2-5 times the ATP content of Case 1 after mid-August. Microorganism activity was confirmed in both Cases 2 and 3, which proves that the bamboo powder was the source of the high ATP content. Microorganisms caused decomposition and propagation repeatedly as they fed on the organic matter in the bamboo powder.
These results indicate that microorganisms were active in Cases 2 and 3, which had bamboo powder containing a large amount of organic matter. They took in nitrogen in the atmosphere and slowly provided nutrients for plants. This was further examined with the C/N ratio, as discussed in the following section.
(2) Examination based on the soil C/N ratio Table 2 presents the transition of the C/N ratio in each case.
The C/N ratio in Case 1 was favorable at 25.8 in the early stages. The ratio in Case 2 was 30.2, which fell within the preferred reference quantities though slightly higher than in Case 1 because of the inclusion of composted sewage sludge. In contrast, the ratio was very high in Case 3 at 94.0 because the carbon content was high at 47.0% and the nitrogen content was low. This was natural as the case consisted only of bamboo powder and tobiko.
In all cases, the C/N ratio declined after three months. This may be because of the decrease in carbon content in Case 1 and the increase in nitrogen in Cases 2 and 3. In particular, the nitrogen content of Case 2 increased significantly from 1.3% to 2.7%. This may be because the microorganisms decomposed the organic matter contained in the bamboo powder and transformed it into nitrogen content (nutrients), or they absorbed airborne nitrogen through nitrogen fixation. These results indicate that the activity of the microorganisms shown in 3.(1) greatly contributed to the increase in nitrogen content.
In all cases, the C/N ratio showed little change after five months. The ratio in Case 3 settled at 37.6, which was within the preferred reference quantities though slightly high. In this experiment, the activity of the microorganisms was expressed only by the amount of ATP, and the type of microorganisms was not specified. The above results indicate that Case 2 is highly practical as the base material for rooftop greening because it produced a large amount of nitrogen after construction and had a favorable C/N ratio.
Although the detailed relation between the microorganisms and nitrogen amount has not been derived and remains a matter of speculation, applying bamboo powder to soil is presumed to be highly effective. This was proved by visual observation of the growth conditions as discussed in the following section. Figure 7 shows the change in leaf length by day, and Figs. 8-11 show the vegetation state every two months starting from one month after the construction date to seven months later. As shown in Fig. 7 , there were four main features of the changes in leaf height during the experiment period.
(3) Examination based on visual observation of the growth conditions
There was hardly any difference in the leaf length of each base material during the first two months until early July. The leaves only grew up to 6 cm or 7 cm from their initial state of 3 cm (Period I in Fig. 7) .
The development of the leaf length differed afterwards; it rapidly grew up to 13 cm by early August in Case 1 but only 1 cm or 2 cm in Cases 2 and 3 (Period II in Fig. 7 ). These differences may be because, whereas the nutrients of composted sewage sludge were directly supplied to plants in Case 1, they were only insufficiently supplied to plants in Cases 2 and 3 as the soil microorganisms required nutrients to decompose the organic matter from the raw bamboo powder.
The leaves in Case 1 continued to grow further afterwards and reached a maximum of 17 cm in early October. The leaves in Case 2 also grew sharply from mid-August and reached 13 cm. However, no change was observed in Case 3 during the same period with the leaves staying at a length of around 7 cm (Period III in Fig. 7) . The plants in Case 2 may have grown well during this period because of the ATP content shown in Fig. 6 and C/N ratio shown in Table 2 . Nitrogen fixation occurred because of the propagation of soil microorganisms taking in bamboo powder as a source of nutrition, and the increase in nitrogen in the soil and supply of nitrogen to plants were well balanced. However, the base material in Case 3 consisted only of bamboo powder and tobiko, so it lacked a fertilizer in the early stages, which delayed the plant growth.
In all cases, the plants ceased to grow as the temperature declined in mid-October. The leaves began to shrink, which shows that they had withered somewhat. After early November, the length was at Table 2 Transition of the C/N ratio in each case.
14 cm in Case 1, 10 cm in Case 2, and 4 cm in Case 3 (Period IV in Fig. 7 ).
On the other hand, there was no difference in the leaf colors, and all cases had green leaves in Periods I, II, and III despite the differences in leaf length in Periods II and III. However, the color of some of the leaves in Case 1 changed from green to yellowish-green in Period IV (Fig. 10) . This was likely because of a deficiency of soil nutrition caused by the rapid growth in leaf length in Case 1. The discolored area increased for Case 1, and some of the leaves also changed color for Cases 2 and 3 in late November. Discolored leaves caused by withering were identified in all cases in late December (Fig. 11) . However, Korean lawn grass has the characteristic of turning brown as the temperature decreases and regaining its green color as the temperature increases.
The visual observation indicated that the leaves in Case 1 grew the longest but became discolored earlier because of a deficiency in soil nutrition caused by rapid growth. The rapid growth also required frequent lawn mowing. In contrast, the growth in Case 2 was slow and stable. Therefore, the visual observation of the vegetation state proved that bamboo powder is useful as a base material for rooftop greening, and Case 2 (the mixture of composted sewage sludge and bamboo powder) is more practical than Case 1, which was suggested in a past report 6) . Figure 12 shows the measurement results for the water permeation time. The rainfall experiment was performed with Case 1, which is the required mixing ratio of the base material for the greening of a slope surface, and Case 2, which has high practicality as the base material for rooftop greening. The permeability was confirmed from the early stages for both cases. However, Case 1 took 530 s and Case 2 took 780 s to reach 1000 ml; thus, the former took 30% less time than the latter. This may be because Case 1 contained charcoal, and the drainage improved as it became a passage for water. In Case 2, the base material did not solidify and had preferable drainage. b) Water retention and live load Table 3 presents the weight per unit area before and after rainfall as well as 1 hour after rainfall.
(4) Examination based on the rainfall test a) Drainage
First, the water retention was examined. In this experiment, the water reduction rate per hour of rainfall was calculated as follows:
where A is the weight before rainfall (kN/m 2 ), B is the weight after rainfall (kN/m 2 ), and C is the weight after 1 h of rainfall (kN/m 2 ). The rate of moisture reduction per hour after rainfall was 19.6% in Case 1 and 17.5% in Case 2. Case 1 also had higher water retentivity. Therefore, Case 1 containing charcoal showed more favorable results for both drainage and water retentivity.
Next, the live load was examined based on the weight per unit volume after rainfall. The preferable upper load is less than 0.980 kN/m 2 for planar rooftop greening with turf or the like 19) . In this experiment, the live load was 0.592 kN/m 2 for Case 1 and 0.546 kN/m 2 for Case 2 even after rainfall, which means that both cases sufficiently satisfied this condition. c) Water quality measurements Table 4 presents the water quality measurements after water permeation. The living environment parameters of the national minimum effluent standards as specified by the Ministry of the Environment include a pH of 5.8-8.6, SS of 200 mg/L or less, COD Mn of 160 mg/L or less, TN of 120 mg/L or less, and TP of 16 mg/L or less. The measurement results for both cases satisfied the standards sufficiently.
CONCLUSIONS
In this experiment, we focused on bamboo and examined the practicality of using it as a base material for rooftop greening when mixed with composted sewage sludge. We obtained the following findings: (1) With regard to soil microorganism activity, Case 1 had a small amount of ATP at all times because there was only a small amount of organic substances to serve as food for the microorganisms. In contrast, Cases 2 and 3 showed high activities of soil microorganisms because the bamboo powder served as food.
(2) With regard to the soil C/N ratio, the nitrogen content of Case 1 slowly decreased over time, whereas the nitrogen content of Case 2 greatly increased. The C/N ratio was also favorable. (3) Visual observation of the growth conditions indicated that the plants in Case 1 (with a 2:2:1 ratio of waterworks sludge, composted sewage sludge, and charcoal) grew the most. However, the nutrition was insufficient, and discoloration was observed in the early stages owing to the rapid growth. In contrast, the plant height of Case 2 (with a 1:1 ratio of composted sewage sludge to bamboo powder) showed slow and stable growth. The plants in Case 3 (bamboo powder only) did not grow well because of a lack of nutrients. (4) In the rainfall experiments, the base material in Case 2 was demonstrated to have high practicality because it had good drainability and water retentivity, and it sufficiently satisfied the standards with regard to the live load and water quality of drainage. For drainage and water re- Table 4 Water quality measurement after water permeation.
tention, the vegetation state of Case 2 after charcoal is mixed and needs to be observed because Case 1, which did contain charcoal, performed better in terms of both drainage and water retention. The experimental results confirmed that a base material for rooftop greening made from mixing bamboo and composted sewage sludge is practical. In the future, the soil component and live load will need to be examined with different mixing ratios of bamboo powder and composted sewage sludge, and further evaluations including the cost performance are needed.
